cream and so on; 2 a good emulsifier and stabilizer in dairy and beverage products; 3 a stable cosmetic formulation; 4 a pharmaceutical solvent in the medical field. Overall, MCTs have been used to meet the nutritional needs of patients with special dietary requirements and enhance their functional performances targeting various commercial food applications 5, 6 . Therefore, it is quite essential to prepare structured lipid enriched with MCTs.
At present, the preparation methods of MCTs are mainly divided into chemical catalysis and enzymatic catalysis 7 . Enzyme catalysis is characterized by mild reaction conditions and good quality, but it is not easy to industrialize because of the excessive fatty acids, low esterification rate, difficult purification process, long time-consuming, high temperature-resistant lipase and the difficulty in the recycling and reusing 8 12 . Therefore, enzymatic catalysis is almost in the laboratory stage. More et al. synthesized structured lipids with MCFAs at sn-1,3 positions and long chain fatty acid at sn-2 position using commercial lipase in the presence of supercritical CO 2 ces thermophilus lipase-catalyzed interesterification of tricaprylin and ethyl linoleate 14 . In general, chemical catalysis has a wide source and low price, the process of which is relatively mature and easy to achieve large-scale production 15 . However, chemical catalysis has no specificity and is difficult to obtain the particular structured lipids with desired physiological function. Ghosh et al. used coconut oil, methyl octanoate and methyl decanoate as raw materials to prepare MCTs by transesterification catalyzed by sodium methoxide and lipase, respectively 16 . The results showed that the content of caprylic acid 8:0, Cy and capric acid 10:0, Ca in the product catalyzed by sodium methoxide was 25-28.3 while that in the product catalyzed by lipase was 22.1-25 , which indicated that the esterification efficiency of chemical catalysis was higher than that of enzymatic catalysis. Oliveira et al. found that chemical interesterification of blends with patawa oil and palm stearin was viable to obtain the blends with unsaturated fatty acid contents between 60 and 70 and a good ratio between saturated and unsaturated fatty acids 17 . Moreover, some new chemical catalysts, such as dual acidic ionic liquids supported on Fe 3 O 4 @SiO 2 composites Fe 3 O 4 nanoparticle was coated with a layer of silica , were applied to establish an environmental-friendly method for the modification of vegetable oils, which is quite potential in green and clean production process 18 20 . In summary, chemical-catalyzed synthesis of MCTs has certain advantages in industrial applications.
To our best knowledge, the raw materials currently used for structured lipid enriched with MCTs were coconut oil, rice bran oil, fish oil, olive oil, sesame oil, etc 21 26 . Specially, coconut oil is rich in MCFAs, the predominant fatty acid of which is lauric acid La, 44-52 . Therefore, coconut oil is a good raw material for the preparation of MCTs. Most of the current researches hydrolyzed the coconut oil to obtain Cy and Ca, then esterified with glycerol to obtain structural lipid 3, 27 . However, this method was complicated, time-consuming, and difficult to separate by-products.
In this study, a chemical catalyzed acidolysis of coconut oil with MCFAs Cy and Ca to synthesis structured lipid enriched with MCTs was studied. The effects of reaction variables catalyst screening, catalyst load, reaction time, molar ratio of MCFAs to coconut oil, molar ratio of Cy to Ca, reaction temperature on the profile of production was investigated and evaluated using response surface methodology RSM .
Experimental Procedures

Materials
Coconut oil was obtained from PT Perkebunan Minanga Ogan Indonesia . Cy and Ca were purchased from Wilmar Oleo Co., Ltd. Lianyungang, China . Trioctanoylglycerol and tridacanoylglycerol were purchased from Sigma-Aldrich Chemical Shanghai, China . Porcine pancreatic lipase was made in laboratory. Concentrated sulfuric acid H 2 SO 4 was purchased from Nanjing Chemical Regent Plant Nanjing, China . HND-6 was purchased from Nanda Synthetic Jiangyin, China . P-toluenesulfonic acid p-TSA was purchased from Tianjin Guangfu Fine Chemical Research Institute Tianjin, China . Methanol, acetonitrile, nhexane and isopropanol were HPLC grade and purchased from Fisher Fair Lawn, NJ, USA . All other chemicals and solvents were analytical grade and purchased from Tianjin Kemiou Chemical Reagent Co. Tianjin, China .
Acidolysis reaction
The acidolysis reactions of coconut oil with MCFAs were performed in a 100 mL three-necked flask under a controlled temperature. The reactions were started by the addition of catalyst. After reactions, the catalyst was removed by filtration or washing with water, and the samples were dried by vacuum drying, sealed and stored for analysis. Samples were prepared in duplicate, and the means were reported.
Triacylglycerol isolation
TAG was isolated using via thin layer chromatography TLC plates with hexane/diethyl ether/acetic acid 80:20:1, v/v/v as the developing solvents 28 . A 50 µL of the reaction product was transferred into the activated silica gel GF254 dried TLC plates and placed into the tank. The plates were sprayed with 2,7-dichlorofluorescein in ethanol 0.2 g/100 mL and exposed to UV light 254 nm . The band corresponding to TAG was scraped off and extracted 3 times using diethyl ether. The solvent was removed under a stream of nitrogen. The isolated TAG was used for the analysis of total and sn-2 fatty acid composition.
Fatty acid composition analysis
Fatty acids were converted into fatty acid methyl esters FAMEs by AOCS Official Method Ce 2-66. The FAMEs were analyzed by a 7890A gas chromatograph GC, Agilent, Santa Clara, USA equipped with a flame ionization detector and a SGE BPX-70 column 30 m 250 µm 0.25 µm, Agilent, Santa Clara, USA . Injector and detector temperatures were 250 and 300 , respectively. Flow rate of nitrogen was 1 mL/min, and split ratio was 1:100. The FAMEs were identified by comparing retention times of sample peaks with the corresponding standards, and the relative contents of fatty acids were expressed as the weight percentage , w/w of total fatty acids.
Sn-2 fatty acid composition
Tris buffer pH 8.0, 1 mL , bile salts 0.05 , 0.25 mL , CaCl 2 2.2 , 0.1 mL and pancreatic lipase 10 mg were mixed with TAGs. The mixture was incubated in a water bath 40 for 3 min with vigorous shaking, and then 6 M HCl solution 1 mL and diethyl ether 2 mL were added and centrifuged. Diethyl ether was dried by anhydrous sodium sulfate and evaporated by nitrogen gas. The hydrolytic product was separated on TLC plates, and the developing solvents were hexane/diethyl ether/acetic acid 50:50:1, v/v/v . The band corresponding to sn-2 monoacylglycerol was scrapped off extracted twice with diethyl ether, methylated and analyzed by using GC.
Triacylglycerol composition
TAG composition was analyzed by HPLC Agilent 1260 equipped with an evaporative light scattering detection ELSD . The separation procedure was performed on a Agilent ZORBAX 300SB-C18 column 5 µm, 4.6 250 mm, Agilent, Santa Clara, USA . The separation of TAGs was carried out using a binary solvent gradient program of acetonitrile A and isopropyl alcohol B . The proportion of elution A decreased from 70 to 60 in 30 min, then decreased to 55 in 40 min, returned to the initial 70 in 5 min and maintained for 1 min. The column temperature was set at 45 . The mobile-phase flow rate was 0.8 mL/ min. The ELSD was held at 55 , and the flow rate of nitrogen was 1.8 mL/min. 
Experimental design for RSM
A three-level-four-factor Box-Behnken design was employed to evaluate the interaction effects of reaction variables on the contents of MCFAs. The factors and levels were as follows: reaction time 4, 8, 12 h , molar ratio of MCFAs to coconut oil 4:1, 8:1, 12:1 , catalyst load 4 , 8 , 12 , relative to the weight of coconut oil and reaction temperature 70, 90, 110 Table 1 .
Statistical analysis
The experiments were carried out for analysis using a three-level-four-factor Box-Behnken design. The mathematical relationship relating the reaction variables to the responses can be calculated by the following quadratic polynomial equation from the Box-Behnken design :
where Y is response MCFAs content ; X i and X j represent the independent variables; and β 0 , β i , β ii , and β ij are the constant coefficients.
All experiments were performed at least in triplicate. Results were expressed as average. One-way analysis of variance ANOVA was used to identify differences. Statistical significance was considered at p 0.05.
Results and discussion 3.1 Fat pro les of the coconut oil
Fatty acid composition and positional distribution of the coconut oil was shown in . In terms of sn-2 fatty acid composition, La accounted for 73.95 and MCFA accounted for 76.53 in the coconut oil. As shown in Table 3 , equivalent carbon number ECN of TAGs ranged from 30 to 42. According to the composition and stereochemical distribution of fatty acids, it could be inferred that the coconut oil was mainly composed by MCTs and medium/long-chain TAGs MLCT , and the total content of MCTs was at least 10.7 . Therefore, the coconut oil was a good raw material to preparation of structured lipid enriched with MCTs.
Screening of the catalysts
Three catalysts, including H 2 SO 4 , HND-6, and p-TSA, were compared for their efficiencise in the production of MCTs by acidolysis reaction. As shown in Fig. 1 A , the percentage of Cy reached a maximum of 32.50 at 90 with the use of H 2 SO 4 , which was higher than those obtained from HND-6 and p-TSA. Similar results were also discovered in the content of Ca with three catalysts as seen from Fig. 1 B . Overall, in terms of Cy and Ca, the best catalyst was H 2 SO 4 for preparation of MCTs. This might be because it was a homogeneous reaction system when H 2 SO 4 was used as a catalyst, while it was a heterogeneous system when HND-6 was used as a catalyst. Moreover, it was considered that the reaction used H 2 SO 4 as catalyst consumed less energy and price. Therefore, H 2 SO 4 was chosen for the following experiments.
Chemical acidolysis reactions 3.3.1 Effect of molar ratio of Cy to Ca
The influence of molar ratio of Cy to Ca on the contents and distribution of fatty acids in acidolysis reaction was shown in Fig. 2 . As shown in Fig. 2 A , when the molar ratio of Cy to Ca was 1:1, the MCFAs content in the product reached the highest level 92.47 , and the contents of Cy and Ca were 35.80 and 46.18 , respectively. Therefore, it was calculated that the incorporation ratio of Cy to Ca was 0.78. Then, as the molar ratio of Cy to Ca was increased from 2:1 to 4:1, the incorporation ratio of Cy to Ca was 1.48, 1.92, 2.56, respectively. In terms of sn-2 fatty acid composition in Fig. 2 B , a similar trend was observed, but there was no significant difference in MCFAs content. In theory, Cy is easier to esterified with coconut oil than Ca because of its shorter carbon chain length and less steric hindrance during reaction. However, the actual results were opposite. Therefore, we could speculate that Cy and Ca were competitive in the acidolysis reaction between mixed acids and coconut oil. Similar results were observed by using olive oil and palm olein to prepare structured lipid enriched with MCFAs 25, 29 .
Effect of reaction time
It is important to confirm the best reaction time for higher yields and less energy. The influence of reaction time on the contents and distribution of fatty acids in acidolysis reaction was shown in Fig. 3 . The content of Cy in the product only increased by 3.40 during the first 1-6 h, then it increased by 6.91 during 6-8 h, and it only increased by 3.85 during 8-12 h. The content of Ca in-creased with time, and reached equilibrium at 10 h 28.09 , while it only increased to 29.43 at 12 h. The MCFAs content reached equilibrium at 8 h 77.97 , which was 25.36 higher than that in the coconut oil. After 8 h, the MCFAs content slowly increased Fig. 3 A . These results were in agreement with those reported by Chnadhapuram M et al.. A similar trend was observed in the contents of MCFAs, Cy and Ca in sn-2 position, and the content of sn-2 MCFAs reached equilibrium 82. 28 at 8 h Fig. 3 B . Therefore, the best reaction time was chosen for 8 h 29 . Lai et al. found that the Cy incorporation into palm olein was 30.5 after 24 h using Rhizomucor miehie in a continuous packed bed bio-reactor 30 . In this study, the reaction time was greatly reduced.
Effect of reaction temperature
As seen from Fig. 4 A , the contents of Cy, Ca and MCFAs increased with the increase of temperature 70-120
. The Ca content increased to 27.04 at 90 , which was 22.03 higher than coconut oil. Subsequently, the Ca content increased slowly and finally remained constant as the temperature continuously increased. Also, The Cy content reached balanced 18.42 at 90 , which was 12.96 higher than coconut oil. It could be seen that the insertion rate of Cy was much lower than that of Ca. The MCFAs content reached a maximum 75.65 at 90 , which was 23.04 higher than that of the coconut oil. In addition, the content of sn-2 Cy in the product reached equilibrium 17.00 at 90 , while the contents of sn-2 Ca and sn-2 MCFAs reached the highest value of 31.05 and 78.62 at 110 Fig. 4 B . These results could be explained that high temperature increase the solubility of the reactants and decreased the viscosity of the mixture 31 , and the catalyst needs sufficient reaction activation energy. Under low temperature conditions, the energy provided to the substrate molecules is insufficient, so the degree of acidolysis reaction is low, and the MCFAs content in the product does not increase significantly; When the temperature is higher than 90 , the activation energy is not the limiting condition of the acidolysis reaction, and the MCFAs content in the product is not increased significantly. If the temperature is too high, energy will be wasted. Díaz et al. have also reported similar effect of temperature on the extent of conversion for synthesis of MCTs 32 . Therefore, the reaction temperature was preferably 90 .
Effect of molar ratio of MCFAs to coconut oil
The influence of molar ratio of MCFAs molar ratio of Cy to Ca, 1:1 to coconut oil on the contents and distribution of fatty acids in acidolysis reaction was shown in Fig. 5 . As seen from Fig. 5 A , the contents of Cy, Ca and MCFAs increased with the increase of the substrate molar ratio 8:1 . When the substrate molar ratio was 8:1, the contents of Cy, Ca and MCFAs were 23.45 , 30.92 and 80.87 , respectively. When it was higher than 8:1, the MCFAs content was slightly decreased. In addition, the contents of sn-2 MCFAs, Cy and Ca in the product with different substrate molar ratios were not significant Fig. 5 B . When acidolysis reaction occurs, TAG is firstly hydrolyzed to obtain diglyceride and monoglyceride, which were then esterified with fatty acid to form TAG. The esterification rate is related to the substrate concentration. When the substrate molar ratio is relatively low, the acidolysis reaction rate is mainly determined by the MCFAs concentration in the substrate. When the substrate molar ratio is sufficiently high, the concentration of the reaction substrate increases, and the contents of Cy or Ca participating in the second esterification reaction increases, thereby promoting the degree of the acidolysis reaction. In fact, high molar ratios of free fatty acid FFA to oil promote acidolysis reaction by shifting the chemical equilibrium towards product formation 33 . However, the contents of MCFAs and sn-2 MCFAs decreased at mole ratios of 10:1 and 12:1, which might occur due to the higher rate of acyl migration, result- ing from the higher substrate molar ratio 34 . Taking into account all of these results and the costs of materials, high level molar ratios of substrate might complicate the downstream purification 35 . Therefore, the molar ratio of substrate was chosen for 8:1.
Effect of catalyst load
Catalyst load directly affects the reaction extent. As seen from Fig. 6 A , when the catalyst load increased from 2 to 8 , the Cy content increased from 15.53 to 29.26 , the Ca content increased from 22.06 to 39.32 , and the MCFAs content increased from 69.07 to 87.20 . The reaction reached balanced at 8 catalyst load. Moreover, the similar trends in the content of sn-2 MCFAs, Cy and Ca in the product were observed in Fig. 6 B . This might be related to the non-specificity of chemical catalyst. The amount of catalyst load has a significant effect on the acidolysis reaction, because the contact area of the substrate with the catalyst increases as the catalyst increases, thereby causing an increase in the degree of reaction. When the amount of the catalyst was 8 , more catalyst load had little effect on the reaction. Considering the economic cost and the simplicity of the subsequent treatment, the catalyst load was selected to be 8 . Kelkar et al. have reported that the esterification of fatty acids with methanol in the presence of H 2 SO 4 where 3 as the optimal catalyst loading was obtained 36 . The comparison has also established that the optimum catalyst load was dependent on the feedstock under consideration.
Model tting
In the work, RSM was employed for modeling the effect of reaction time, reaction temperature, catalyst load, and molar ratio of substrates on the acidolysis of MCFAs with coconut oil Table 1 . The ANOVA analysis of variance Table 4 showed that the coefficient R 2 and lack of fit were 0.8873 and 0.4538 0.05 respectively, which suggested that the model of MCFAs content could actually predict the relationship between these reaction parameters and MCFAs content. The quadratic regression model is given as follows:
MCFAs content 80.13 4.09A 3.56B 3.62C 3.45D 0.75AB 2.71AC 4.29AD 1.87BC 1.91BD 3.20CD 1.26A 2 0.68B 2 1.08C 2 1.80D 2 The mutual interaction of reaction variables can also be evaluated by 3D surface plots generated from the predicted models Fig. 7 . With the increase of reaction time and substrate molar ratio, the content of MCFAs increased. The maximum content of MCFAs appeared in the 8-12 h, and the substrate molar ratio was 8-12:1 Fig. 7 A . When the amount of catalyst was low 4
, the MCFAs content increased with the increase of reaction time, indicating that reaction time was the main affecting factor. The content of MCFAs did not significantly change with reaction time, and the MCFAs content in the product was more affected by catalyst load Fig. 7 B . When reaction time was short, the MCFAs content increased continuously as reaction temperature increased, and it was greatly affected by reaction temperature Fig. 7 C . During the acidolysis reaction, the thermal motion of the molecules determines the collision rate. When the temperature is higher, the faster the thermal motion and the higher the collision probability between molecules. Thus, when the temperature is low, the reaction does not reach a high degree, and the MCFAs content in the product is very low. When the temperature increases, the reaction degree increases according to the kinetic principle. As the reaction time increases, the growth trend of MCFAs content becomes slower, and the interaction between the two factors is significant.
When the amount of catalyst was low, the MCFAs content did not change significantly with the increase of the substrate molar ratio; when the catalyst amount was higher than 6 , the MCFAs content changed significantly with the increase of the substrate molar ratio Fig. 7 D . Combined with the regression equation analysis of variance, the interaction represented by catalyst load and substrate molar ratio was not significant. When the substrate molar ratio was low, the MCFAs content did not change significantly with the increase of reaction temperature. The substrate molar ratio was the main affecting factor for the MCFAs content. The maximum MCFAs content appeared in the substrate molar ratio 10-12:1, and the reaction temperature 94-110 Fig. 7 E . When the reaction temperature was low, the content of MCFAs increased with the increase of catalyst load; when the reaction temperature was high, the content of MCFAs changed slowly with the increase of catalyst load. Both of them affected the content of MCFAs Fig. 7 F . 
Optimum conditions and model veri cation
Reaction conditions were optimized using RSM as follows: reaction time, 4 h; molar ratio of MCFAs to coconut oil, 12:1; catalyst load, 8 ; reaction temperature, 110 . 30 . In this paper, we shortened the reaction time. These results indicated that the models were accurate and could be successfully used for the acidolysis of MCFAs with coconut oil to prepare the structured lipid enriched with MCTs.
In addition, TAG profile of the final product under the optimum conditions were analyzed by HPLC-ELSD. As shown in Table 5 , the ECNs of the final product ranged from 24 to 34. Due to the ECNs 24-28 being MCTs, the content of MCTs was at least 68.0 . Theoretically, the ECNs 30-34 might be MCTs or MLCTs. According to fatty acid composition and distribution, the MCFAs of the final product was as high as 89.47 , and the sn-2 MCFAs was 86.89 . The TAGs of ECN 30 might be CyCaLa, CaCaCa, CyMCy or CyLCy, and it could be inferred that the MCTs content of ECN 30 was at least 11.2 . Similarly, the MCTs contents of ECN 32 and 34 were at least 2.6 and 0.2 , respectively. Therefore, it was speculated that the content of MCTs in the final product exceeded 82.0 . 
Conclusions
In this paper, chemical catalyzed acidolysis of coconut oil and MCFAs was successfully carried out and optimized by RSM for preparing structured lipid enriched with MCTs. The reaction conditions were optimized as follow: H 2 SO 4 as catalyst; catalyst load, 8 ; reaction time, 4 h; molar ratio of MCFAs to coconut oil, 12:1; molar ratio of Cy to Ca, 1:1; reaction temperature, 110 . Under these conditions, the content of MCFAs in final product increased from 52.61 to 89.47 . The obtained structured lipid contained at least 82.0 of MCTs. This paper provides a simple and low-cost method for preparing structured lipid enriched with MCTs. 
